In this letter, we report on the enhanced near band edge (NBE) photoluminescence (PL) emission by rapid thermal annealing (RTA) of ZnO nanowires, nanoribbons and nanorods synthesized by vapor transport method using a ZnO nanopowder source. As a result of RTA, the intensity ratio of NBE to green emission peak is nearly doubled for the nanowires, while this enhancement is one order of magnitude for the nanoribbons and nanorods. Time-resolved PL studies on the green emission band shows a singleexponential decay (time constant ∼ns) after RTA. The Raman spectral shift of the RTA treated samples indicates reduced tensile strain in the annealed ZnO nanostructures. Our results demonstrate the effectiveness of RTA process for improving the crystallinity and optical properties of ZnO nanostructures.
ZnO nanostructures (NS) such as nanowires (NWs), nanorods, nanobelt, nanoribbons, nanodisks, etc. have been extensively studied for various photonic applications, e.g., ultraviolet lasers and light emitting diodes owing to its wide bandgap (∼3.37 eV) and large exciton binding energy (∼60 meV). [1] [2] [3] [4] [5] However, in most cases, a large number of carriers are trapped by defects or impurities inside luminescence centers, resulting in poor UV emission. Achieving highly efficient UV emission from ZnO NS is one of the most important issues for photonic applications of ZnO. To improve the emission efficiency of the as-grown ZnO NS, conventional thermal annealing is usually implemented, but it fails to show any major enhancement of near band edge (NBE) emission intensity. Compared to the conventional furnace annealing, rapid thermal annealing (RTA) offers a precise control over short heat pulse and heating rate, which are advantageous for quality improvement of the NS. Plasmonics based enhanced NBE emission has been reported for ZnO NS. 6 However, it requires an optimization of thickness and size of the metal nanoparticle layer. RTA has been utilized to improve the structural, electrical and optical properties of the ZnO thin films. 7, 8 However, there are very few reports on the use of RTA in the ZnO NWs/ nanorods, 9, 10 and these studies focused primarily on the structural improvement. The influence of RTA on photoluminescence (PL) and its correlation with the defect related carries recombination dynamics in ZnO NS is not studied systematically in the literature.
In this work, we report on the enhanced NBE emission from ZnO NWs, nanoribbons and nanorods using a RTA process. The RTA induced changes in the optical properties are studied by steady-state PL, time-resolved PL (TRPL) and micro-Raman spectroscopy and possible mechanism of the improvement in the PL is discussed.
ZnO NWs, nanoribbons and nanorods were synthesized by a vapor deposition method using a tubular furnace. Details of the experimental process and growth parameters are discussed elsewhere. 11 In brief, commercial ZnO nanopowder (Sigma-Aldrich, purity 99.999%, average size 50-70 nm) was used as source material. The ZnO vapor was formed at 950 • C and was deposited on the Au coated (∼2 nm thick) Si (100) substrates, which were placed downstream at 650-870 • C. Native oxide layer was removed by etching prior to Au coating. After ZnO deposition, morphology and structure of the samples were analyzed using scanning electron microscopy (SEM, LEO 1430VP) and transmission electron microscope (TEM, JEOL JEM2100) with selected area electron diffraction (SAED). Higher magnification image of NWs is taken using a field emission (FE) SEM (Sigma, Zeiss). The SEM and TEM images confirm the growth of ZnO NWs at growth temperature 650 • C and 750 • C, nanoribbons at 850 • C, and nanorods at 870 • C. The as-grown ZnO NWs, nanoribbons and nanorods were subjected to RTA process at 700 • C for 120 s in argon gas ambient using a commercial RTA system (MILA-3000, ULVAC). The PL spectra were recorded at room temperature with a 325 nm He-Cd laser excitation. The TRPL measurements were performed at room temperature using a 375 nm laser excitation pulse of 69 ps duration with an instrument time response of <50 ps (LifeSpecII, Edinburgh). Raman scattering measurement was carried out with a 488 nm Ar laser excitation using a micro-Raman spectrometer (LabRAM HR-800, Jobin Yvon).
The SEM images of the as-grown ZnO NWs, nanoribbons and nanorods are shown in Fig. 1 . Figure 1 After the RTA process, no significant change in morphology was observed, while the sizes of the ZnO NWs, nanorods and nanoribbons were slightly increased. Figures 1(d)-1(e) shows the typical TEM images of the as-grown ZnO NWs and nanoribbons, respectively. The SAED pattern of the NWs is shown as an inset to Fig. 1(d) , which confirms single crystalline nature of the NWs grown along 002 direction. Similar SAED pattern was observed for the ZnO nanoribbons and nanorods. The XRD studies on the as-grown samples confirm the c-axis orientation of the NWs, nanorods and nanoribbons. After RTA, the XRD peak intensity increases and the full width at half maximum (FWHM) of the (002) peak decreases indicating improved crystallinity and reduced strain in the RTA processed samples.
The Raman spectra of the ZnO NWs, nanoribbons and nanorods are shown in Fig. 2 . The observed strong Raman mode at 436.5 cm −1 corresponds to E high 2 phonon mode of wurtzite ZnO. 12 Additional Raman modes at ∼330, ∼379, ∼410, ∼540 and ∼579 cm −1 correspond to the 2E 2 , A TO 1 , E TO 1 , 2LA and A LO 1 phonon modes, respectively. 12 It is evident from the spectra that RTA treated ZnO NS show higher intensity of the E high 2 mode due to improved crystallinity. In case of NWs, E high 2 mode intensity increases by a factor of 1.8, while that of the nanoribbons and nanorods are 1.1 and 1.24, respectively. Note that the observed E high 2 mode of asgrown ZnO NS are red shifted from that of the strain free ZnO at 438 cm −1 ). Besides the local heating effect, a major contribution to the red shift comes from the tensile strain present in the as-grown ZnO NS. The quantum confinement effect is unlikely to affect the Raman modes due to the large size of the NS as compared to exciton-Bohr radius of ZnO. After RTA, we observed a blue shift of 1.0 cm −1 for the E high 2 mode from that of the as-grown NS. This blue shift confirms that tensile strain is reduced after RTA. However, after the RTA the FWHM of E high 2 mode is nearly doubled for the NWs and nanoribbons, while it is slightly reduced for the nanorods. In case of NWs and nanoribbons, higher FWHM is primarily due to wider size distribution after RTA treatment.
Rapid Thermal Annealing Induced
The room temperature PL spectra of the as-grown and RTA treated ZnO NWs (grown at 750 • C), nanoribbons and nanorods are shown in Fig. 3 . UV-Vis absorption spectra of these samples show a strong absorption peak at ∼370 nm corresponding to the band-gap transition. After RTA, no significant change in the peak position is found. In the PL spectra [ Fig. 3(a) ], the ZnO NWs exhibit strong UV emission at 380 nm and a broad green emission band at ∼527 nm. On the other hand, nanoribbons and nanorods show relatively weak UV emission peak at ∼380 nm and an intense broad green emission band [Figs. 3(c)-3(e) ]. The green emission band constitute two Gaussian peaks, one at ∼500 nm and other at ∼545 nm, as shown by the fitted spectra. The UV emission is due to bound excitonic NBE recombination and green emission at ∼500 nm is attributed due to the recombination of photo-generated holes with the electrons belonging to oxygen vacancy states on the surface of ZnO. 13 The green emission band at ∼545 nm is due to the presence of deep interstitial oxygen states inside the nanostructure. 14 Since the ZnO nanorods and nanoribbons are grown at relatively higher temperatures where oxygen vapor pressure is relatively low compared to the low temperature growth region, this results in the formation of large number of oxygen vacancy related defect states. As a result, a strong green emission and reduced UV emission bands are observed. These results on the ZnO NWs, nanorods and nanoribbons are similar to the earlier reports, 3, 6, 10 which show relatively weak UV emission.
The PL spectra of the RTA treated samples [Figs. 3(b), 3(d) and 3(f)] show three-four fold enhancement of the UV emission peak intensity compared to the as-synthesized NS and no significant shift in the UV emission peak is observed after RTA. Note that after RTA, the intensity of the green emission band is considerably reduced for the nanoribbons and nanorods, while the peak at 545 nm is fully suppressed from all the samples. This implies that the interstitial oxygen defect states are substantially reduced in the RTA treated ZnO NS. However, a new emission band is observed at ∼390 nm after RTA, which may be due to the recombination at band tail states. 14 Figures 3(g)-3(h) shows the variation in intensity of various PL peaks with the growth temperatures for the as-grown and RTA treated ZnO NS. The intensity ratio of 380 nm to 500 nm peak [ Fig. 3(g) ] slowly decreases with the increase in growth temperature, which indicates the formation of large number of trapping centres at higher growth temperatures. After RTA, this intensity ratio is nearly doubled for the NWs, while the enhancement is one order of magnitude for the nanoribbons and nanorods. Fig. 3(h) shows the relative change in intensity before and after RTA for the 380 nm and 500 nm peaks. The 380 nm band shows a gradual increase in intensity with increase in growth temperature, while the 500 nm band intensity correspondingly decreases. After RTA treatment, the FWHM of 380 nm peak is marginally reduced while the FWHM of the 500 nm peak is nearly doubled.
The as-grown NS contains defect states, which are essentially radiative trap center and these affect the intrinsic PL decay behavior. As the RTA process reduces the defect states, it is expected to affect the PL decay dynamics for the green emission. To study the PL decay behavior of the green emission of the ZnO NS, we measured TRPL decay at 500 nm and the results are shown in Fig. 4 . The as-grown ZnO NWs (grown at 750 • C) and nanorods show a bi-exponential decay in TRPL. The observed decay can be fitted with a bi-exponential decay equation
where, τ 1 and τ 2 are the decay time constants. The NWs show τ 1 = 0.75 ns and τ 2 = 23.8 ns, while the nanorods show τ 1 = 0.58 ns and τ 2 = 38.2 ns. Two different time constants are associated with the two different defects states having different radiative decay channels and this is consistent with the steady state PL spectra. The relative amplitude ratios of the decay time constants (A 1 /A 2 ) are found to be 322 and 810 for the ZnO NWs and nanorods, respectively. From the ratio of their relative amplitude, τ 1 can be attributed to decay time constant of first green emission (∼500 nm) and τ 2 can be attributed to decay time constant of second green emission (∼545 nm).
Our results are consistent with previous reports on green emission from ZnO nanoparticles, thin films and doped NWs with decay time constants in µs range. [15] [16] [17] However, in the present case due to the presence of high density of trap centers, it is in the range of ns. Figures 4(c)-4(d) shows the PL decay profile of the ZnO NWs and nanorods after RTA treatment. The data fit well to a single exponential decay indicating only one decay channel after RTA, which is due to the 500 nm component in the PL and it confirms the complete suppression of 545 nm component, consistent with the steady state PL spectra. The measured τ 1 = 0.93 ns for the NWs and τ 1 = 2.0 ns for the nanorods. It is found that the RTA processing slows down the decay rate of green emission band. This is due to the reduction in the density of surface defect states, as τ is inversely proportional to trap density N t . This result is consistent with the steady state PL data of the RTA treated ZnO NS, where reduction in green emission intensity was evident.
In conclusion, we have shown that the RTA processing at 700 • C substantially improves the NBE PL emission efficiency of the ZnO NWs, nanoribbons and nanorods by reducing the density of defect related trap centers. The RTA processing slows down the PL decay rate of defect emission due to reduced defect density. As a result of RTA, the bandedge emission intensity is enhanced by 3-4.3 times, while the green emission at ∼500 nm is considerably reduced for the nanoribbons and nanorods and ∼545 nm emission band is completely removed. Therefore, the RTA processing is a simple and effective way to release built-in stress and remove the defect states that can lead to an improved crystallinity and enhanced UV PL emission efficiency of the semiconductor NWs, nanoribbons and nanorods.
